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© Iron-based permanent magnet alloy powders for resin bonded magnets and magnets made 
therefrom. 
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® With the intention of establishing fabrication methods for cheaply produced (Fe.Co)-Cr-B-R-type bonded 
magnets or (Fe,Co)-Cr-B-R-M-type bonded magnets containing few rare earth elements and having a coercive 
force iHc above 5 kOe and a residual magnetic flux density Br above 5.5 kG matching the cost performance of 
hard ferrite magnets, we have obtained an iron-based permanent magnet material consisting of microcrystal 
clusters where the average crystal size of each component phase is in the range 1 nm - 30 nm and where both 
a soft magnetic phase consisting of a ferromagnetic alloy whose main components are a-Fe and a ferromagnetic 
alloy having iron, and a hard magnetic phase having a Nd 2 Fei*B-type crystal structure coexist within the same 
powder particles. This aggregate material is obtained by melt-quenching a (Fe.Co)-Cr-B-R (R = one or both of 
Pr, NdHype molten alloy or a (Fe.Co)-Cr-B-R-M (M = Al, Si, S, Ni. Cu, Zn, Ga. Ag, Pt. Au, PbHype molten 
alloy of a particular composition containing few rare earth elements, to obtain an essentially amorphous structure 
or a structure both amorphous and with small amounts of fine crystals, and by applying a crystallisation heat 
treatment under specific conditions. By grinding this aggregate to an average powder particle size of 3 
micrometres - 500 micrometres and combining the resultant iron-based permanent magnet alloy powder with a 
resin, we can obtain an iron-based bonded magnet with good thermal and magnetic properties and with the 
magnetic characteristics iHc £ 5 kOe. Br £ 5.5 kG and (BH)max > 6 MGOe. 
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With the intention of establishing fabrication methods for cheaply produced (Ft ^^^^ 
wiin me inio.u u " R-R-M-tvoe bonded magnets containing few rar earth ements 

bonded permanent magnet or £^ Magnetic flux density ; Br above 5.5 ; kG 

feJe^ets. this invention, broadly stated; R rovid^>on-based 

S3fS "ioS r;^^tf are a-Fe and a ferromagnetic a.«oy having i^ and a hard 
ragnXLe hiving a Nd^B-type o-i^ ~ £■£ * J „ . 

(Fe,Co>-Cr-B-R-M ( where m • . essentially amorphous structure or a structure 

under specific conditions. , n L ave raae oowder particle size of 3 micrometres to 

. By grinding ^^^^C^^^^^ «* • «*•'- 



characteristics: 

intrinsic coercive force, iHc £ 5 kOe, 
residual magnetic flux density. Br * 5.5 kG, and with 
20 a magnetic energy, (BH)max * 6 MGOe. 

Field of the invention . 



30 



35 



magnets. "'' ! V ^ ' ' / . ' / - . 

Description of the Prior Art * ■. 

Permanent magnets, used in stepping 
goods and electric goods in genera are m^hm J- Smation of defects; cracks and a. 

as. demagnetisafion at .ow J3^J^^^^^^ the difficulty to fabricate 

kQ are thought td be most suitable • . • , . ^-v to increase ^ cross sec tion of the iron 
In conventional motors, for Br ^^^'ffi5S2hg an associated increase in' weight. 

sough, as present hard ? rri ? ^ 
to ot Nd requires many metal. se0a«ren an, "*^?^j!2^ » kOe is rewired end Were are 

^-^s»i»^ it™ mul " pole 
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magnetic Fe3B phase and a hard magnetic NdaFeit.B phase coexist. However, it is insufficient as a rare 
earth, magnetic material with a low iHc in the range 2 kOe — 3 kOe, and is unsuitable for industrial use. 

Much research is being published, however, on adding additional elements to magnetic^ materials with 
Fe3B-type compounds as their main phase and creating multi-component systems, with the aim to improve 

5 ; their^'functfbn&iiV-. One such example is to add rare earth elements other than 'Nd, such as Dy and Tb, 
which should improve iHc but, apart from the problem of rising material costs from the addition of 
expensive elements, there is also the problem that the magnetic moment of the added rare; earth elements 
combines antiparallel to the magnetic moment of Nd or Fe, leading to a. degradation jof the magnetic field 
and the squareness of the demagnetisation curve (R. Coehoorn, J. .Magn; Magn: Mat, 83 (1990) 228-230). 

70 In other work (Shen Bao-gen et al., J: Magn. Magn: ^ Mat, 89, <1 991) 335t34G), the. temperature 
dependence of iHc was improved by raising the Curie temperature by replacing some Fe with Co, but this 
also caused a fall in Br on the addition of Co; • ~ J ■» - f ' r 

In each case, for Nd-Fe-B-type magnets whose* main phase is an FesB-type compound, it is possible to 
create hard magnetic materials with a heat treatment after amorphising by quenching, but ; their \ Hp is low 

is, and the cost performance of using thfem instead of hard ferrite magnets is unfavourable. This inceyDability of 
providing a high-enough iHc'lsxauWd;by ; a«large' ,, grairi size of the soft magnetic phase, typically 50 nm, 
which is not small enough I tb effectively ''prevent ^ m^netfsati^ rotation. in the soft magnetic, phase from 
occurring under of a demagnetisation field. . ■ 

■ ' < i-- 4 i .A :•-■/:-■>»■-!>: 

20 SUMMARY OF THE INVENTION : n ?- ; 3 . > i > \ *, » , 

•' " "•' •> * ' '* IM, V' S •,'»;. -.• 

The purpose of this invention is to provide (Fe.Co)-Cr-B-R-(R = Nd, Pr)-type permanent magnets or 
(Fe.Co)-Cr-B-R-M (M = Al, Si, S, Ni, Cu. Zn, Ga, Ag, Pt, Au. Pb)-type permanent magnet materials in 
powder form and iron-based resin bonded magnets fabricated therefrom which can be cheaply produced by 

25 stable industrial processes/ Where these ''magnets doritain few rare earth: elements but have a residual 
magnetic flux density Br above 5 kG matching hard ferrite magnets in cost performance. 
. . The inventors, as a result of various investigations into possible fabrication! methods , by stable industrial 
processes to increase thb iHc of iron-ba^ed permanent magnetic { materials i with low rare earth content and 
containing both soft and hard magnetic jtftiafses, have- quenched a molten alloy with a specific composition 

30 containing few rare earth elements R, comprising one or both of Nd and Pr, and in which Cr, or Cr and M (- 
(M = Al, Si, S, Ni, Cu, ZN, Ga, Ag, Pt, Au. Pb), were simultaneously added to an iron-based alloy partially 
substituted with Co. 

t The molten alloy may be melt quenched using a rotating roll, by splat quenching, by gas atomising or 
. , ■^y r ? L combination of 'these' methods, kndi v after^ obtaining ah essentially amorphous structure or a structure 
35 containing small amounts bf micro-crystals ' dispersed within' an amorphous matrix, Then, following a 
particular, heat, heating rate, an iron-based permanent magnet material 

" aggregate in ribbon or flake form is obtained, consisting of microbe ryistal clusters -in which soft magnetic 
phases containing a ferromagnetic alldy/WHose main components are er-Fe and an interemetallic compound 
' with iron as its main phase and hard magnetic phkses, having a Nd2 Fei 4 B-.type crystal structure, coexist. 
40 * By grinding 4 and; forming an alloy powder of'lhis material to form- a bonded magnet, they have 
completed this invention by obtaining an irdn-ba^ed resin bbhded mag net having a residual, magnetic flux 
density Br above. 5 kG, unobtainable with a hard ferrite 1 magnet: 1 f • ' »" : c . . ;,■ ofe / ; ; 

" Thus, both sort magnetic rjhases Consisting' bf a ferromagnetic alloy whose main components are a-Fe 
and. iron;based phase, and hard magnetic phases having a Nd2Fet*B-type crystal structure will coexist 
45, wjthin the same powder particles, and'W; for mean crystal particle £izes of each constituent phase in the 
rang^ pf 1 nm - 30 nm, an jntrin sic Coercive fbrce above the realistically required 5,kOe is apparent and, 
by moulding magnetic powder havi ng "a particle size of -3 micrometres ~ 500 micrometres into the required 
; forms using a resin, they can obtain permanent magnets in- a-usabte formh « v ; ; • ,.r ; - . 

. Preferably, 'for this invWntibn, after an (Fe.Co)-Cr-B-R-fype or (^e,€o)rCr-B-vR-M (M = Al. Si, S, Ni, Cu, 
so , Zn. Ga, Ag, Pt, Au, Pb)- type molten afaoywith a particular com posttioh containing fewj rare earth elements is 
. n quenched by mel} quenching using a rotating roll 1 , by spat quenching: by gas atomising. or by a combination 
of. these methods, and,' after an essentially amorphous structuresor a: structure* containing small, amounts of 
microcrystals dispersed within an amorphous matrix has formed; it ia crystallised by further special heat 
• :i treatment. r _ ' / i ' ' '- 1 ■ • • i / * ; , . ' 

55 According to an important' aspect of this invention, the crystallisation heat treatment consists in first 
r . ( raising the temperature at a rate of 10 *C per minute ~ 50 *C per minute from the temperature at the start 
.of crystallisation, at say about 500 -Q. A treatment temperature of 600 *C 750 *C is then maintained for a 
, . time, which may be from ten minutes to ten hours, and is typically six or seven hours, sufficient to acheive 
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crystallization By this heat tr atment there is obtained microcrystal clusters where the mean crystal s.ze of 
eac rimponent phas is in the range 1 nm - 30 nm; and also ther is achi ved a crystall.ne aggregate 
where^tTaloft magnetic phas consisting of a ferromagn tic alloy whose main components ar «-Fe and 
Ta'loy w^h irS aslte main phase, and a hard magnetic phase having a Nd2F14B-type crystal structure 

C °°t "e^el^^^T^ magnet material in ribbon or flaKe form can be obtained having 
me following magnetic characteristics. 
For the (Fe-Co)Cr-B-R-type. 



: i 



to 5 £ iHc £ 6.5kOe, 
8SBr£10kG, ,„ 

10* (BH)max £ 1 2MGpe; , . f " 

,and in the case of the (^Co)Cr-B-R-M-type v ' / . 

5 £ iHc £ 6.5kOe! - , , , , ,-. ... . V 

8.2 £ Br S 10.2kG, , , f . 

10.5 £ (BH)max £ 12.5MQOe. . ■ , ^ 5 ? c 

Further we can obtain iron-based permanent Magnet alloy jiowders suitable for bonded magnets having 
a t^^^^ ^ Br aLe 5 kG. by grinding this material as required to a mean powder 

500 micrometres and ^can obtain iron-based -permanent magnet alloy 

powders having the following magnetic charactenStics:- 

For the (Fe-Co)Cr-B-R-type powder, , 

iHc*5kOe t . • ■ , -\ ' f . . * 

Br*7.0kG, . . \. . . r . _ ., ? - 

(BH)max 8 MGOe; 

30 and. in the case of the (Fe-Co)Cr-B-R-M-type powder, 

iHc 2; 5 kOe, 
Br £ 7.2 kG, 

(BH)max £ 8.4 MGOe. , ; . . ^ :j „ 

Rnally. by combining this powder with a resin, we can obtain a bonded magnet with the following 
magnetic characteristics. 



15 



20 



25 



35 



iHc*.5kOe. 

40 Br Z 5.5 kG, , . , : . 

(BH)max * 6 MGOe, , : . : * >■ lY " ' . 

According to one preferred aspect of this invention there provided a method of producing an ahoy 
45 powder for bonding with resin to manufacture a rare earth ^ded rnagw _ ; 
the method comprising melting a composition whose formula .s represented by 
either •. •, n . -. ^ 



Feioo- x- y- z- aCrxByRzCOa 



50 



or 



Fe,oo- x- y- 2- a- bCrxB y RzCo 3 M b 



ss (where. Ft is one or a mixture of Pr and Nd: and where M is one or mora of Al, Si. S. Ni. Cu. Zn. 6a. Ag. Pt. 
^d wherein symbols x. y. z. a and b represent restricting composition ranges satisfying the following 
values, 



C 



4 



EP 0 657 899 A1 



Q.OV S x <S 7 at%; 

10 S y £ 30 af%; . V ^ : 

5 0.01 £a£30at%; 
0.01 i b$ : 1p at%; 

and according to this aspect of the invention, the molten alloy is rapidly quenched so that substantially 
more than 90% of the solidified alloy is amorphous, and then reheated to a crystallization temperature of 

io from 580 • C to 750 • C and maintained at this temperature for a period of from ten minutes to ten hours, 
sufficient to convert the amorphous structure into a crystalline aggregate in which there coexists a soft 
magnetic phase consisting of a-iron, a ferromagnetic phase containing iron as a main component, and a 
hard magnetic phase having a Nd 2 Fei*B type crystal structure, said crystalline aggregate having an 
average crystalline particle size of 30 nm or less; and pulverizing the aggregate to produce the powder. 

15 Preferably, after quenching and solidifying of the molten alloy so that the alloy structure is largely 
amorphous, the alloy is rapidly heated to about 500 *C, the temperature then being steadily raised, at a rate 
of 10 # C to 50*C/min, to a crystallization temperature of between 600'C and 750 # C. 

Preferably also, the crystallization temperature is maintained for from six to seven hours advanta- 
geously, in an inert gas atmosphere and/or in a vacuum of a pressure less than 10-2 Torr. - 

20 „, Said rapid quenching and solidification may be, achieved by one or both of the melt quenching or gas 
atomizing procedures. r. ' ^ . 

Such rapid quenching and - solidifying is advantageously accomplished with the aid of a rotating roll 
whose periphery moves at a speed in the range 1 0 m/sec to 50 m/sec. 

The initial melting of the constituent components of the alloy and/or the post quench crystallization heat 

25 treatment thereof may be conducted in an atmosphere of an inert ^gas such as argon; and the latter 
treatment may be conducted while the alloy is subjected to sub atmospheric pressure. 

The pulverization may be effective to obtain a powder having a particle size of from 3 to 500 micro 
meters. Prior to such pulverization the alloy can be found to have the magnetic properties :- 

30 iHc £ 5 kOe, 

Br * 8 kG ' ' ' ' 

and 

35 (BH)max £ 10 MGOe; 



BRIEF DESCRIPTION OF DRAWINGS 

40 

Figure 1 displays a graph showing the magnetisation curve of a bonded magnet, given as an actual 
example, where this curve has been found by pulse magnetising the magnet from a weak magnetic field in 
the range 2 kOe - 50 kOe and each time measuring the residual magnetic flux density at the open 
magnetic circuit. By taking the magnetisation measured for the residual magnetic flux density at 50 kOe as 
45 100%, the magnetization curve.is found, by estimating the magnetization rite for e&ch magnetization, field as 
a relative ratio of the residual magnetic flux density., ^ ' 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

so The feature of this invention is obtaining an iron-based bonded magnet having a residual magnetic flux 
density Br above 5 kG, unobtainable with hard ferrite magnets, by quenching a molten alloy of a particular 
composition containing few rare earth elements in which Cr or Cr and M (M = 
AI,Si,S,Ni,Cu,2n,Ga,Ag,Pt,Au.Pb) are simultaneously added to an iron-based alloy partially substituted with 
Co. by melt quenching using a rotating roll, by splat quenching, by gas atomizing or by a combination of 

55 these methods, and., after an. essentially amorphous structur or a structure containing small amounts of 
microcrystals dispersed within an amorphous matrix has formed, obtaining microcrystal clusters where both 
' soft magnetic phases consisting of a ferromagnetic alloy whose main components are a-Fe and an iron- 
base intermetallic compound, and hard magnetic phases having a Nd2Fel4B-type crystal structure coexist. 
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by a heat treatment using a particular heating rate. 

Below we give a detailed explanation of the invention's characteristics. One of the focal points of this 
invention is the grain saize of th soft magnetic phase which is to consist the fine crystalline aggregate 
together with the NdaFewB type hard magnetic phase. The gain size must be much smaller than 50nm. 
which is the typical grain size of the previously existing magnet material, eg. Cochoorn et aL (1988). For this 
purpose, composition and processing method are largely specified as follows. 

Reasons for limiting compositions. 

For this invention, we can obtain hjgh magnetization characteristics only when specific amounts of ons 
or two of the rare earth elements. R. Pr or Nd, are present, while, for other rare earths such as Ce and La. 
we cannot obtain an. iHc. above 2 kbel Sm, and rare earth elements heavier than Sm are undesirable as 
they bring about a deterioration in the magnetic properties and make the cost of the magnet expensive 

Below a 3 at% fraction of R. there is little, crystallization of the F^Fe*? phase which contributes to the 
appearance of an intrinsic coercive force and one cannot obtain an .Ho above, 5.0 kOe. Further beyond 6 
at% we cannot obtain a Br above. 8 kG. giving us a composition range of 3 at% -6 at%. The best range for 

Ris4at%.-5.5at%.. • , ■ : .- 0 s ■■ - ■' • • .• «• • „ 

Below a 10 at% fraction of B. we cannot obtain an essentially amorphous structure even using melt- 
quenching, and we can only obtain an iHc. teas .than 3 kOe even after heat treatment. Further, as we ca nnot 
obtain an iHc above . 5 kpe at; a fraction .beyond ,30 a t^. the composition range is 10 at% - 30 at A. The 
best ranqe for B is 15 at% - 20 at%. . . ,.- .■ . . ■ , . ■ , • , 

For Cr, adding Cr causes the crystal particles, to be . about 1/2 - 1/3 times smaller compared to 
compositions without Cr, and. as we can increase the.magnatocrystalHne ahisotropy constant of the R 2 Fe, 4 B 
phase by partially replacing the iron atoms in this hard magnetic phase with Cr. it is effective for raising .He. 
This is ineffective., however, for Cr compositions less than 0.01 at%. Further, as Cr couples anti- 
ferromagnetically with Fe. Br and the, squareness of the demagnetization curve .s greatly reduced, and so 
we cannot obtafn a Br above 8 kG with a Cr; composition greater than 7 at%, .Thus, the Cr composition 
7^9? is 0.01 at% 7 at%. To obtain a Br above 9 kG.' a composition of 0.01 at% - 3 at% is desirable. To 
obtain an iHc above 6 kOe a Cr composition of 3 at%-7 at% is. desirable. . . 

Partially replacing Fe with Co inhibits the loss of magnetization caused . by the addition of Cr. and so 
avoids the groat reduction. in Br and the. squareness of the demagnetization curve, while at the same time 
improving the magnetization characteristics. .. ... •; ; ■ r J^n • 

Further, partially replacing Fe in the phase .with. Co raises the Cur.e. temperature of that phase 

and improves the temperature dependence of iHc . This effect cannot be obtained at a Co cpmpogion less 
than 0 01, at%. and as we cannot obtain a Br.above, 8 kG beyond a composition of.30.at%. the composition 
range will be 0.01 at% - 30 at%. The desirableCo composition range is 1 at% - 10 at%. . 

The elements M (M = AI.Si.S.Ni.Cu.Zn.Ga.Ag.P.t.Au.Pb) are added with the purpose of improving the 
degradation of the squareness of the .demagnetization curve on the addition of Co or Cr and to increase Br 
and (BH)max This effect cannot be obtained for a composition less than 0.01 at%, and a position 
beyond 10 at% further degrades the squareness and also lowers (BH)max. giving us a composition range of 
0.01 at% - 10 at%; The desirable range is 0 5 ,at% . - 3 at%.,Fe makes up the remaining composition. 

Reasons for limiting the size of the crystal or powder particles,; . . , 

r The crystal phase if the magnetic poWder. that constitutes tf> bonded magnet of this invention will have 
both a soft magnetic phase consisting of a ferromagnetic alloy whose main components are «-Fe .and liron 
• and a hard magnetic phase having a Nd 2 Fe,«B-type crystal structure coexisting within the same powder. 
But without the latter hard magnetic phase. aaiHc would not appear, . 

However, it is insufficient for generating iHc and a good squareness of the hysteresis loop that both soft 
and hard magnetic phases simply coexist, for if the average crystal particle size for both phases exceeds 
S nm there will be a degradation of Br and the squareness of the second quadrant of the demagnetization 
curT'and we cannot generate , sufficient flux for a permanent magnet. Although the smalter the average 
cr^i particle Z ! the better, an average crystal particle size of less than 1nm is difficult to obtain 
industrially, meaning the average crystal particle size is limited to 1 nm - 30 nm, . ^tain^d 

For the high precision casting required to make the most of the properties of bonded magnets obtained 
in competed oMhin forms, the average particle size of the powder must be sufficen t.y small s high 
precisio'n molding cannot be performed for powders larger than 500 micrometers. A so. tor sizes less than 3 
micrometers the comparative increase in the surface area means that much resm must be used as a 
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binder, and as ft is undesirable for the packing density to be too small, the particle size is limited to 3 
micrometers - 500 micrometers. : . . ; - ? ?-' lo 3 

_ Meitfhg. rapid quenching and crystallization heat treatment , > r 

For this invention it is most important- that, by rapid solidification of a molten alloy' of the particular 
compaction above, once an amorphous structure, or a structure substantially amorphous containing smal 
amounts of m.crocrysta.s has formed, and then.by performing a crystallization heat UeatoZZlTte 
temperature is raised by between 10'C per minute 50-C per minute from a temperature close J the sS 
ro of crystallizabon to a treatment temperature of 600'C - 750-C. one obtains microcrysta. clusters where ^ 
average crystal s*e of each component phase is in the range 1 nm - 30 nm and where both soft magneto 
phases consisting of a ferromagnetic' alloy Whose main components are „-Fe or iron-ba^nte>mSr 

' „ F ° r f !? d so ! idj ^ n i^tmdnt for/the above molten alloy, an trnelt-quenbhirig method Using a rotarv 
ron^may.be employ^ if one; is ;^ 

amounts-of microcrystafs are dispersed in amorphous main* Methods bthef than'Tnelt-quenching usfng a 
.SaSs — ° be em ^ ^HCb as splat quenching, gas atomizing or ;a combinaS'o? 1^ 

- ^^L® X T Ple, J hen '" Si " 9 - ^ rdl ' : 5 circumfeVdht^velofcity of the rotor in the range' of lOm/sec - 
50m/sec ,s desirable as one can r obtain a' suitable benched structure*, that is. if the surface velocity is less 
IxcLr trt' r Cann ° t ° btain d6Sired a ™rphous, structure: Furthe -,= a ardumWaVveS 
CESSF"? ? ^ de ?' r t b,e as 'nicrocrystat'austers having good hard magnetic properties d Z 
form on crystallization. However, small amounts of*-Fe phase or semi-stable Nd-Fe-B compound witNn the 

25 5 quenched structure may be permitted as they do not significantly reduce the magnetization Saractenst^ 
» m „ Z f mvent,on - once an amorphous structure, br a'str'ucture both amorphous and containing small 

' ' a ZTI ^ ^ ^ : ^ C#9; ^ y With a P^-.ar common 

" comSon : treatment giving the] best . maghetid>opertie< depends on the paVtteular 

? ^^^f^^^ra^ri^em -C. the Ndi.Fe,*B phase does hot precipitate and no iHc will be 
apparent, and . or a temperature exceeding TSd-C, the' particle grbW. is significant, degrading iHc B and 
the squareness of the demagnetization curve; meaning we cannot Obtain the magnetic characterises 
described above. Thus, the heat treatment temperature is limited to 600-C - 750^ ; acienstics 
iv. ■ - ° rd fM 0 o P; ev ^ Nidation, a heat trejftmeht atmosphere of either an inert 'gas such as Ar or N2 or a 
,35. vacuum of 10-2 Torr, is desirable. '• • • ... • or a 

I " ' ^ e >^*n^; propel of'thf db«ned ^to/#w<ter are'mostiy independent of the heat treatment 
: % we can i ,? a y that after six hours, there b;> trend towards aYall in Br with the passage of time so a 

,r, beat treatment time of less than six "hours is de&irable. '< ! ' ■•• ■',) - ^ ' 

.. .. ...The ihyentore 'haye^scbvered that the micrticrystal structure and their resultant magnetic properties 

are sensitively dependent on the thermal velocity used in the beat Veatrheht process! Thai is an important 
process parameter of this invention is the speed at which the temperature is raised from a temperature 
dose to that of the start of crystallization during the heat treatment; antfif this heating rate velocity is less 
man 10- C per minute., particle growth occurs during the temperature rise and we cannot obtain 
microcrystal clusters having good hard magnetic properties', hor'an iHc aboveS'kOe. Further if the heatinq 
rate exceeds 50 «C per minute, insufficient precipitation of the Nd 2 Fe,»B phase which forms below 600 «C 
.occurs, and. not only, is iHc reduced/buf we'have a d'emagnetizatiori curve'wi'tW a- fall in the magnetization 
near the Br point of the second quadrant of the magrietization ciirve.'and'(BH)hi'ax will also fall 

During the heat treatment, up until the temperature of the start of ciVstallizatiori (about 550 • C) one has 
... W»- of applying accelerated heating which 'can ^aJ^Wfreatmerft^lficieiWv-- 

... '•• v • : ' ■ ••-< •■t-"-, , .. 

, Fabrication of magnets. ' : : r ' 



.40 



45 



.55 



By rapid solidification of a molten alio/ with a particular composition tin tif- an essentially amorphous 
structure or a structure containing small amounts Of microcrystals dispersed within ah amorphous matrix 
has formed, and performing a crystallisation heat treatment where the temperature is raised 1 by between 
1.0 *C per rninute - 50' C per minute from a temperature close to the start of crystallization to a treatment 
temperature . of 600 'C - 750 we can 1 . obtain iron-based permanent magnet alloy powders^ with micro- 
crystal clusters with an average crystal size of 1 nm - 30 nm. After grinding this powder to a magnetic 
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JO 



75 



20 



25 



30 



35 



40 



molding thedesired packing ratio of the magnetic powder ™ - . 

polyimide. phenol resin, fluororesin. silicon resin or epoxy resin. 

EXAMPLES , , "■ ;'■ ■ •.'•ft--....- .,. . , • 

Example 1 

-.-,,„<, m« 1 18 shown in Table 1. a total of 30 gr was weighed out using more 
To produce «fPf*°" 'J" 1 . ]lf s z n G7AgR.Au or Pb metal, placed in a quartz crucible 
than 99.5% pure Fe.Co.Cr.B.Nd Pr.AI.S. .S.Ni.Cu.Zn.ea .Ag.h . ^ atmosphe re 

heat treatment temperature also shown in Table 1 ■ ^Jj*^?. -mtertHMh-ll**: ««,, amm - 5mm 
removed, forming,? sample 2mm - 4mm wide. 20 ™£™ e ™ s ™™ V u|ls §hown in Table 2 .- 
long, the magnetic characteristics Were measured u * n ^^ W ^^^.- x ^ y$J when the Cr 
From an investigation; of the sample's constituent P^s by ^^J^B^and N^Fe^B phases, 
content is 0.01 at% 3* at%. we have a muitiphase *T**Z£^c^ confirmed as the «-Fe and 
45 When the Cr content is above 3 at%. the mam """^J^^ SL^SSL are too small. Cr. 
Nd 2 Fe„B phases, but we cannot confirm the ^^^^^ £m phases. Further, it was 

each sample. , with an averaoe size of 150 micrometers, 

so After grinding this thin film to obtain magna * P™*V"* an ^ 98% powder and 2% epoxy 

"'VT^fd'^n., W a .on* - 6.0 »d its magnedc „ shed „ Tab,. 3. 



55 



8 



EP O 657 899 At 



Comparative Example 1 . 

' ' ■ • ■ ■!:■ , ■ • : • .... . Hs ' ' ■ . 

For compositions No. 19-24 shown in Table 1, melt quenched thin filnrCs were produced under the 

same;c#n<Jifo^ 

5 ♦ As wito ,^tual\example 1, the temperature of this thin flake was then raised to above c 580* C - 600 # C, at 
which crystallization begins, under an Ar atmosphere at the rate shown in Table 1, and then maintained for 
seven hours at the heat treatment temperature also shown in Table 1, , cooled to room temperature and 
removed, producing, a sample 2mm - ,4mm wide. 20 micrometers - 40 micrometers thick and 3mm - 5mm 
long, whose magnetic characteristics were measured using a VSM. These results c are shown in Table 2. 
io, , From transmission elec^on miqroscopy r or x-ray analysis, we find sample No. 19 has a multiphase 
. structure of aFe and Nd2Fe M B phases, with the main phase being the FezB phase., The average crystal 
particle size is 50 nm, larger compared to the previous samples No. 1 - 18 arici is comparable to average 
grain seizes it? multi^.phaiSjB.jrn^nets in the prior art,. <T .. 

Sample No. 2Q, has.. r a> mul^phajse structure consisting of a-Fe and NcfeFeUB phases, and has a 
is microstrupture with the, average crystal paijicle size b^ing about. 20 nm, the same as actual example 1. but 
the squareness of the demagnetization curve is degraded compared to sample No. 1 3, whictf contains Co. 
... , Sample 2l has a large average crystal p^rtiiple size ,of 50 nm. and we do not obtain an iHc above 5 kOe. 

: Sample No. 22 has ^ multipr;a^:Structure with' mixed aF-e, Fe3B and N&Fei 4 B phases,, but the growth 
:.. of the g-Fe phase is significant leading to^ dprnagneUz^tion curve with a fail in the magnetization at the Br 
20 point of the second quadrant of the, magnetization^ a (BH)max above 10 MGOe. 

For sample No. 23, insufficient NdaiFei*B phase precipitates for the appearance of a coercive force, 
and we have no hard magnetism. .. . . r v . . 

Sample No 24 has an average crystai particle size in the range 70nm, with' large crystals compared to 
sample No. 3 of the same composition, and so Br, iHc and (BH)max are' degraded when compared to 
25 sample No 3. 

For samples 19 and 20, after grinding under the same conditions as for actual example 1 and obtaining 
powders with an average powder particle size of 150 lim. they were also made into bonded magnets under 
the same conditions as for actual example 1. The characteristics of the bonded magnets obtained are 
shown in Table 3. 
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45 



Actual example 2. 



-•Oft measuring the <C.uri$ temperature with ,^,therrru>magnetip' balance of sample No 3, which has the 
- ,-. magnetic, characterises listed in, Table 5, we found the presence of a main ferromagnetic phase having a 
35 Curie temperature of 849? C. and another ferrqmagnetip phase having, a Curie temperature of 388 # C. After 

comparing x-ray analyses, the former .is thought to .be aFe in a solid solution with CO, ancl the latter a 

Nd2 Fei * B type compound (with Fe partially, replaced by Co). , ." 

^Comparative -example 2 f /( . ( > .• . f . . . . . / 

;On measuring Curie ; temperature with a thermomagnetic balance of sample No 20, which has the 
magnetic characteristics listed in Tabie 2;.we find 3 mainly ferromagnetic phase with a Curie temperature of 
<762*,C and . another . .ferromagnetic phase , with a. Curie ternperatuce of, 308 ' C. the Curie temperature of 
either phase is still a value about 80 ^vC lpw^.than.that of, sample No. 3 which Has Co added. ' 

Actual .example. 3-j . ; ^ iiit - r - .,, " " , * ^ „ 



. ■ v After processing : bonded magnet.No.. 3, which has the. magnetic characteristics iisted in Table 3. so that 
the permeance coefficient becomes 1, the magnetization curve, shown in Figure 1 . has been found by 
so. pulse magnetizing from, : a^ weak magnetic field in. the range 2 kOe - 50 kOe and each time measuring the 
residual magnetic flux density of the magnet in the open magnetic configuration. By taking the magnetiz- 
■ atiomrate for the, residual magnetic, flux density at 50 kQe as 100%, th curv is found by estimating the 
magnetization rate for each magnetization field as a relative ratio of the residual magnetic flux density. The 
* magnetic field required for 90% magnetization is about 13 kOe. 
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Comparative example 3 

After processing bonded magnet No. 20, which has the magnetic characteristics listed in Table 3, so 
that the permeance coefficient becomes 1. the magnetization curve was valuated in the same way as for 

5 actual example 3. and shown in Rgur 1. The magnetic field required for 90% magnetization is about 19 
kOe, a 6kOe larger magnetic field compared to that for bonded magnet No. 3 which has Co added. 

As has been made clear from the above actual examples, for this invention, an (Fe,Co)-Cr-B.R-type or 
(Fe.Co)-Cr-B-R-lv1 (M = AI.Si.S.Ni, Cu,Zn,Ga,Ag.PtAu,Pb)-t>'pe molten alioy with a particular composition 
containing few rare earth elements is quenched by, melt spinning using a rotary roll, by splat quenching, by 

io gas atomizing or by a combination of these methods, and, after an amorphous structure or a structure with 
both amorphous and with small amounts 6f microcrystals has formed, by carrying out a heat treatment on 
the ribbon, flake or spherical aggregate ; thus obtained, we can obtain micrpcrysfal clusters where the 
average crystal size of each component phase is in the range 1 nm - 30 rurn and where both soft magnetic 
phases consisting of a ferromagnetic alloy whose main components are a-Fe'and iron-based intermetailic 

is compound, and hard magnetic, phases having a NcfcFewB-type (Crystal structure coexist within the same 

particles. 'J : ' : >' : '■' ] " .;!.„, ;'• t V' ; 

Here, by simultaneously- adding particular amounts of Cr and ; Co^or Cr, Co and M, we can obtain iron- 
based permanent magnet material, not only with a Br above 8 kG and an iHc above 5 kOe, but also with a 
good squareness of the second quadrant of the demagnetization curve and ; with good thermal and 

20 magnetization -characteristics. By grinding this magnet material as required, we can stably .supply in large 
quantities, Fe-Cr-Co-B-R-M-type, magnet alloy powder witH iHc of at le.ast,5 KOe, Br ofof at least 7 kG, and 
(BH)max of at least 8 MGOe having suitable characteristics for forming resin bonded magnets with a 
residual magnetic flux density Br above 5 kG. ; 

As the quantities' of rare earth elements are smali; and as the fabrication process can be simply applied 

25 to large scale, production, this invention can provide, bonded magnets with a magnetic efficiency exceeding 
that of hard ferrite magnets and having an iHc above 5 kOe and a Br above 5.5 kG. Further, we can shorten 
the industrial process by complete, molding into magnetic parts or magnets, and so^these bonded magnets 
can compare in cost and performance, with wintered hard ferrit magnets. « 1 
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Table 2 





The magnetic characteristics 
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Claims . J 1. 

1. An iron-base; permanent magnet material consisting of a fine crystal aggregate composed of mutually 
distributed magnetically soft phases and-a hard magnetic phase, whose compositional formula is 
represented by 
either 

Fei oo- x- y- z- aGr x B y R z Co a 
or 

Feioo- x- y- z- a- bCr x B y R 2 Co a M b 

(where, R is one or a mixture of Pr and Nd; and where M is one or more of Al, Si, S, Ni, Cu, Zn, Ga, 
Ag. Pt, Au, Pb)), 

and wherein symbols x, y. z, a and b represent restricting composition ranges satisfying the following 
values, 

0.01 S x S 7 at% 
10 £ y £ 30 at% 
3 S x £ 6 at% 
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0.01 £ a£ 30 at% 

0.01 S b£ 10 at% *".•,. ; 

and wherein a soft magnetic phase, consisting of a-iron. and a ferromagnetic phase gontainjhg iron as a 
main component, and a hard magnetic phase having a NcfcFe, ♦ B type crystal structure, 
coexist in the same crystalline aggregate. 

and wherein mean particle size of the crystalline aggregate. is, within the range 1 nm to 30 nm. 

An iron-base perm^nen^ magnet material according to claim. 1 whose compositional formula is 
represented by . 

Fe t oo-x-y-z-aCr x B y R 2 Co a 

and wherein symbols x. y. z. and a represent restricting composition ranges satisfying the following 
- values. .. . ;. v ..- ■■, . . . r , ; 

0.01 $ x £ 3 at% 

15 £ y £ 20 at% ' ' K ' 

4£z£5.5at% 

1 £ a S 10 at% ... ! s 

. i. 
and wherein a soft magnetic phase consisting of a-iron and a ferromagnetic phase containing iron 
as a main component and a hard magnetic phase having a Nd 2Fe ,4B type crystal structure coex.st ,r .the 
crystlline aggregate, and wherein mean particle size of the crystalline aggregate .s w,th,n the range 1 
nm to 30 nm. and wherein the magnetic characteristics are:- 

5 i iHc £ 6.5kOe, 
Br > -10kG. 

(BH)max> 12MGOe. . ' r ' ". \\ "'" 

3. An iron-base permanent magnet according to claim 1 whose compositional form.ula is represented by 

a ■ • : ■: , u ttiS , .< . - • 

Fei oo- x- y- z- aCr x B y R 2 Co a 

and wherein symbols x. y. z, and a represent restricting composition ranges satisfying the following 
values. <~ •■ * 

3£x£7at% 
15£y£20at% 
4 S z £ 5.5 at% 
1 £ a* 10at% 

and wherein a soft magnetic phase consisting of a-iron and a ferromagnetic phase containing iron 
as a main component and a hard magnetic phase having a Nd 2 Fe 14 B type crystal structure coex.st « 
Se crystlline aggregate, and wherein mean particle size of the crystalline aggregate ,s withm the range 
1 nm to 30 nm. and wherein the magnetic characteristics are: 

iHO 6.5kOe. 

8 3 BrS tOkG, , , 

10 £ (BH)max £ 12MGOe, 

4. An iron-base permanent magnet according to claim 1 whose a compositional formula is represented by 
Fei oo- x- y - 2 - a- bCr x B y R 2 Co a M b 

and wherein symbols x. y. z. a and b represent restricting composition ranges satisfying the following 
values. 
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0.01 Z x S 3 at% 
15 £ y * 20 at% 

,44. 2 5 5.5 at% 

0.5 £ b* 3 at% 



75 



4-^ ™n<««.t.nn of a-iron and a ferromagrietic^hase containing iron 
and wherein a soft magnetic phase consisting or a iron anu * y . . 

70 1 nm to 30 nm, and wherein the magnetic charactenstics are:- 

5 S iHc £ 6.5kOe, i \ ; , 

Br> 10.2kG, 

(BH)max> 12.5MGOe. ; - < o - - - > : ,v ... ; . 

S. An iron-base permanent magnet according to claim 1 whose a compositional formu.a is represented by 

- •■ V i J •' 

Fe,oo- x- y- z- a- bCr x B y R 2 Co a M b 

and wherein symbols x. y. z. a and b represent restrict! ng composition ranges satisfying the following 
values, 

;3>X^ 7at% ' ' '■ > ' - y \ • : . , 

15 Sy £20at% ,! - : •>■-"' -V^f- « » v ii; . . - 

4 £ z £ 5.5 at% . . : , . 

1 £ a.5 10 at% 

0.5 £ b £ 3 at% . 

„, „ toe in a «* m a 9 ne,ic pta. coning o, ^ ••^Jg^jf^^SS^ 

1 nm to 30 nm. and wherein the magnetic characteristics are:- 
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30, 



... iHc > 6.5kOe, 
35 8.2* Br 3 lb:2kG, ' 

10.5 £ (BH)max S l2.5MGOe. 



It;; ■■ 



AO 



45 



6. An iron-base permanent magnet materia, according to claim 1 whose compositional formu.a is 
represented by ■ . . \ . 

Feioo-x-y- 2- aCr x B y R 2 Co a 

and ^herein symbols* y, z. and a representing composition ranges satisfying the following 

values, v . vr,' i >: — .... . ... . . . 

- ; r 



50 
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0.01SxS7at% :r ' : , - 

10 £ y * 30at% 

3*2£6at% -/ : 

0.01 S a£ 30 at%, .* 

and wherein after the material has been ^ ^ ** * ' 

4 micrometres to %00 micrometres, it has magnetic characteristics of 

iHc£ 5 kOe. 
Br*7kG. 

(BH)max £ 8 MGOe: ' * 
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7. An iron-base permanent magn t according to claim 1 whos a compositional formula is represented by 

F ,00- x- y- z- a- bCrxBy^COaM^ 

s and wherein symbols x. y. z. a and b represent restricting composition ranges satisfying the following 

values, ' 

0.01 SxS7at% 
10 S y S 30 at% 
w 3Sz56 at% 

0.01 £ a £ 30 at% 

0.01 S b£ 10at% >. 

. and wherein after the material has ; been pulverize^ into a powder which has a mean particle size of 3 
micrometres to 500 micrometres, it has magnetic characteristics of „. 

iHc 2: 5 kOe, 

Br£7.2kG. r 
(BH)max Z 8.4 MGOe. . 

8. An iron-base permanent magnet material according to claim 1 whose compositional formula is 
represented by 

Fe i oo- x- y- 2- aCr x ByR 2 Co a 

and wherein symbols x,, y. z, W a Tepr^t restricting composition ranges satisfying, the following 
• -values. -:.•..«•■■.•> * ■ , .... 

0.01 £ X 7 at% ^ J • ■ ' -f 

■30 ■ 10 S y S 30 at% : , v > M v .- : - c .;• Y.- ^ 1 - . i \iV t s ^?V\*wr/ 0 ■■ • ■ ^ 
33z£6at% . , ... , . ; ( t -v >:j ■:, - 

0.01 £a£30at%, 

and the material having been pulverized into a powder which has a mean particle size of 3 micrometres 
to 500 micrometres and then fabricated to shape by bonding with resin to produce a resin bonded 
permanent magnet having the magnetic characteristics:- 



20 



25 



35 



iHc £ 5 kOe, , . . : 

Br £ 5.5 kG. . ( , 

40 (BH)max £ 6 MGOe. , - . . K . . ^ , 

9. An iron-base permanent magnet according to claim 1 whose a compositional formula is represented by 



45 



Fe,oo-x-y-2-a-bCr x B y R z Co a Mb , .., s r 

and wherein symbols x. y. z. a and b represent restricting composition ranges satisfying the following 



values, 

0.01 SxS7 at% 
so 10SyS30at% 
3 £ z S 6 at% 
0.01 S a £ 30 at% 

.0.01..S b £ 10 atf/o 



55 



and the material having been pulverized into a powder which has a mean particle size of 3 micrometres 
to 500 micrometres and then fabricated to shape by bonding with resin to produce a res.n bonded 
permanent magnet having the magnetic characteristics:- 
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iHcfc,5kOe, , 

Br^ 5.5 kG, ' ' ' 5 ' 

(BH)max * 6 MGOe. 

10. A method of producing an alloy powder for bonding with resin to manufacture a rare earth bonded 
magnet; the method comprising melting a composition whose formula is represented by 
either 

Feioo-x-y-z-aCr x B y R 2 Co a ' . _ 

or 

Fe i oo- x- y- z- a- bCr x B y R 2 Co a M b 

(where. R is one or a mixture of f Pr arid N<3; &nd where M is one or 5 more of Si, Si Ni; Gu f Zn, Ga, 
Ag.Pt.Au.Pb)). ' " ^ 1 - 

and "wherein symbols x, y, z, a and b represent restricting composition ranges satisfying the following 
values, i.''" 

0.01 S x£7at% 

10,3 y S 30 at% t . 

3£x£6at% " \ ]' 

0.01 £ a S 30 at% 
0.01 £ b £ 10 at% 

, characterized in that the molten alloy is rapidly quenched so that substantially more than 90% of the 
solidified alloy is amorphous, and then reheated to a crystaltizatioh temperature of from 580 *C to 
7500 *C and maintained at this temperature for a period of from ten minutes to ten hours, sufficient to 
convert the substantially amorphous structure into a crystalline aggregate in which there coexists a soft 
magnetic phase consisting of a-iron. a ferromagnetic phase containing iron as a main component, and a 
hard magnetic phase having a Nd 2 Fei*B type crystal structure, said crystalline aggregate having an 
average crystalline particle diameter of 1 nm to 30 nm; and pulverizing the aggregate to produce the 
powder. 



11. A method according to claim 10 and wherein said rapid solidification is achieved by one or both of the 
melt quenching or gas atomizing procedures. ' . 



12. A method according to either of the preceding claims 10 or 11 and wherein the heat treatment is 
conducted in an atmosphere of argon. 

13. A method according to any one of the preceding claims 10 to 12 and wherein the aggregate is 
v -pulverized to produce a powder having a particle size of from 3 to 500 micro meters. 

14. A method according to any one of the preceding claims 10 to 13 and wherein prior to pulverization the 
alloy has the magnetic properties 

i ■ t , . 

iHc£*5kOe, < < . . . . 

Br£8kG 

and , \, 

(BH)max £ 10 MGOe; 

15. A method according to any one of the preceding claims 10 to 13 and wherein the rapid' quenching and 
. ■ . .solidifying is -accomplished with the aid of a roll rotating at a speed in the range 10 m/sec to 50 m/sec. 

16 A method according to any one of ciaims 1 6 to 15, and wherein after quenching and solidifying of the 
molten alloy so that the alloy structure is largely amorphous, the alloy is rapidly heated to about 
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500-C. the temperatur then being steadily raised, at a rate of 10' C to 50*C/min. to a crystallization 
temperaiture of between 60Q*C and 750* C. 

17. A method according to claim 16. wherein the crystallization ' temperature is maintained. for "from six to 
seven hours in an inert gas atmosphere and/or in a vacuum of a pressure less than IQ^Jorr. 

1a A rare earth bonded magnet when made from resin bonded with the powder produced by the method 
defined in any one of the preceding claims 10 to 17- 

19. A method for manufacturing an iron-base permanent magnet consisting of fine crystal aggregates, 
whereby a molten metal whose composition formula is represented by 

Fei M -x-y-z- a Cr x B y R 2 Co a (where. R is one or two kinds of Pr or Nd.) and symbols x. y. z, and a 
represent restricting composition ranges satisfying the following values; 

0.01 SxZ7 at% 
10£y:S30at% 
3 £ z S 6 at% 
0.01 £ a £ 30 at% 

is processed, first by a rapid solidification process, into an amorphous material or a material in which a 
little amount of fine crystals and amorphous coexist, and then by a heat treatment, whereby at heat 
treatment for crystallisation of an amorphous alloy, the crystallising heat treatment is performed with a 
heating rate between 10-C/min and 50'C/min from near the temperature at which crystallisation start 
to an isothermal heat treatment temperature, to produce magnetically hard material wherein a soft 
magnetic phase consisting of a-iron and a ferromagnetic alloy having iron as a main component and a 
hard magnetic phase having a Nd 2 Fei*B type crystal structure coexist in the same particle, and. 
wherein the mean crystal particle size of the constituent phases is within the range of 1 nm to 30 nm. 

20. A method for manufacturing an iron-base permanent magnet in accordance with claim 19. whereby a 
ribbon flake or powder amorphous alloy obtained by an melt-quenching process, using rotating rolls, a 
splat quenching process, a gas atomising process or their combined process is used as a preheat 
treatment precursor material. 

21. A method for manufacturing an iron-base permanent magnet in accordance with claim 19. whereby the 
crystallising heat treatment is performed at 600 'C to 750 *C in an inert gas atmosphere or in a vacuum 
of a pressure less than 10-2 Torr. 

22. A method for manufacturing an iron-base permanent magnet consisting of fine crystal aggregates, 
whereby a molten metal, whose composition formula is represented by 

Fe 100 x- y -z-a-bCr x B y R 2 Co a M b (where. R is one or two kinds of Pr or Nd. M is one or two or more kinds 
of AI. Si. S. Ni. Cu. Zn. Ga. Ag. Pt. Au Pb) and symbols x. y. z. a and b represent restarting 
composition ranges satisfying the following values; 

0.01 £ x £ 7 at% 
10£yS30at% 
3 £ z £ 6 at% 
0.01 S a S 30 at% 
0.01 $bS10 at% 

is processed by a rapid solidification process into an amorphous material or a material in which a little 
amount of fine crystals and amorphous coexist and then into a magnetically hard material by a heat 
treatment whereby at the time of heat treatment or crystallisation of the essentially amorphous alloy, 
the crystallising heat treatment is performed with a heating rate between 10-C/min and 50'C/mm from 
near the temperature at which crystallisation starts to an isothermal heat treatment temperature, to 
produce the fine crystalline aggregates, wherein a soft magnetic phase consisting of a-iron and a 
ferromagnetic alloy having iron as a main component and a hard magnetic phase having a NcfeFeuB 
type crystal structure coexist in the same particle; and wherein mean crystal size of the constituent 
phases is within the range of 1 nm to 30 nm. 
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23. A method for manufacturing an iron-base permanent magnet in accordance with claim 22, whereby a 
ribbbn flake ' and powder-shaped amorphous alloy obtained by an rnelt^quenchlng process using 
rotating rolls, a splat quenching proc ss, a gas atomising process or their combined quenching 

,> proc sses, is used as a precursor material to be heat treated. 

24. A method for manufacturing an iron-base permanent magnet in accordance with claim 22, whereby the 
crystallising heat treatment is performed at 600 • C to 750 • C in an inert gas atmosphere or in a vacuum 
above 10-2 Torr. ' 

io 25. A rare earth bonded magnet when made from resin bonded with the powder produced by the method 
defined in any one of the preceding 1 claims 19 to 24. " v ' v * 1 " T 

' " *- ' ? «"» ' ' 'l . i . ■ 1 . »' 
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